Small heat-shock proteins (sHsps) and clusterin are molecular chaperones that share many functional similarities despite their lack of significant sequence similarity. These functional similarities, and some differences, are discussed. sHsps are ubiquitous intracellular proteins whereas clusterin is generally found extracellularly. Both chaperones potently prevent the amorphous aggregation and precipitation of target proteins under stress conditions such as elevated temperature, reduction and oxidation. In doing so, they act on the slow off-folding protein pathway. The conformational dynamism and aggregated state of both proteins may be crucial for their chaperone function. Subunit exchange is likely to be important in regulating chaperone action; the dissociated form of the protein is probably the chaperone-active species rather than the aggregated state. They both exert their chaperone action without the need for hydrolysis of ATP and have little ability to refold target proteins. Increased expression of sHsp and clusterin accompanies a range of diseases, e.g. Alzheimer's, Creutzfeldt-Jakob and Parkinson's diseases, that arise from protein misfolding and deposition of highly structured protein aggregates known as amyloid fibrils. The interaction of sHsps and clusterin with fibril-forming species is discussed along with their ability to prevent fibril formation, probably via utilization of their chaperone ability.
Introduction
The conventional view of a protein, e.g. derived from X-ray crystallography, is that of a static entity comprised of a series of -helices, -sheets etc. folded into a well-defined tertiary, globular structure. Of course, this is misleading as proteins are highly dynamic species that sample conformational space about a mean structure. This conformational pliability is important for protein function, for example, during interactions between proteins and binding partners. NMR spectroscopy is particularly useful for determining regions of proteins that have conformational mobility and are correspondingly relatively unstructured in solution. Often these regions become structured when interacting with their target [1, 2] . Furthermore, many proteins exist as essentially unstructured species in their native state [1] [2] [3] .
For globular proteins, there are occasions when they exist as partially folded and even unfolded species. For example, after synthesis, the polypeptide chain is unfolded and must fold to its correct functional conformation. To cross a biological membrane or move into a different cellular compartment, a protein must unfold from its native state. Furthermore, if a protein is subjected to stress, e.g. elevated temperature, shear, low pH, oxidation, it may partially unfold. Intermediately folded or unfolded proteins expose greater hydrophobicity to solution which encourages mutual association (aggregation), misfolding and possibly precipitation. The cell has various mechanisms available to counteract this. Arguably the most important of these mechanisms is the production of molecular chaperones, a large group of structurally unrelated proteins whose function is to interact with destabilized proteins to prevent their aggregation and encourage correct protein folding. Probably the most well studied groups of molecular chaperones are the Hsp70 and Hsp60 families, which operate in a sequential and synergistic manner to stabilize unfolded and partially folded proteins following their synthesis on the ribosome [4] . The folding pathway for a protein is relatively rapid: typically a protein will fold in a few milliseconds from its linear, unfolded state. As a result, the intermediately folded states of the folding protein are only transient species. In fact, many proteins do not require the intervention of molecular chaperones to fold correctly [4] . However, if the intermediately folded states linger for too long, e.g. because of difficulty in folding due to mutation or because of cellular stress, these states may mutually associate and enter the slow, off-folding pathway which leads to amorphous protein aggregation and potentially precipitation (Fig. 1) .
In many cases, aggregation and precipitation of proteins are highly deleterious to cell viability and are hallmarks of diseases generally classified as protein misfolding or conformational diseases, e.g. Alzheimer's, Parkinson's, Huntington's and Creutzfeldt-Jakob diseases, cataract and type II diabetes. In all these diseases, with the possible exception of cataract, the precipitated state of the proteins is highly ordered, existing in a cross -sheet array arranged into long amyloid fibrils. Like the off-folding pathway, the pathway to amyloid fibril formation occurs via one or more intermediately folded states which lead on to soluble, small protofibril aggregates that precede the insoluble amyloid fibril (Fig. 1) . During physiological stress conditions, a unique class of molecular chaperones is often utilized to prevent large-scale protein aggregation. These types of chaperones are the focus of this review article. In particular, this discussion will focus on intracellular small heat-shock proteins (sHsps) and the extracellular protein, clusterin.
Although these two types of proteins share minimal structural similarity at the primary (and probably higher) levels, they function in a very similar manner and have strong parallels in their pattern of expression and reactivity in diseases related to protein misfolding.
The structure, function and distribution of sHsps and clusterin.
Small heat-shock proteins (sHsps) sHsps are a diverse family of intracellular molecular chaperones that are found in all organisms [5] [6] [7] [8] [9] . In humans, they are found in many tissues at varying levels depending on the stage of development and the level of physiological stress. From examination of the human genome, ten sHsps have been identified [10, 11] . The reasons for such diversity are currently unclear. The role of sHsps in cells seems to be multi-faceted with their overall theme of action being that they interact to stabilize partially folded states of other proteins. sHsps are expressed constitutively and regulate processes as diverse as actin polymerization and caspase protein inactivation [7] [8] [9] . However, sHsp expression is also significantly increased during conditions of cellular stress that cause protein unfolding. The chaperone action of sHsps was described over ten years ago; in vitro, sHsps prevented the stress-induced aggregation of a variety of unrelated target proteins at a stoichiometry of up to one subunit of sHsp to one subunit of the target protein [12, 13] .
The principal lens protein, -crystallin, is a sHsp and is comprised of two closely related subunits, A and B. B-crystallin, in particular, is found in significant levels in many extralenticular organs including the heart, kidney and brain. The lens is composed of a very high concentration of crystallin proteins (,  and ) arranged in a close-range, supra-molecular order that allows for proper refraction of light. Apart from the outer (epithelial) layer of cells, there is almost no protein turnover in the lens. Furthermore, the lens continues to grow throughout life. As a result, the crystallin proteins have to be very stable and long-lived. -Crystallin helps maintain lens transparency by dual actions: it contributes to structural order and it functions as a molecular chaperone to prevent the aggregation and precipitation of lens crystallins [5] [6] [7] .
sHsps have subunit masses in the range of 16 to 43 kDa but, in the main, exist as large heterogeneous aggregates of 300 to 1000 kDa in mass. sHsps are predominantly -sheet in secondary structure. Crystal structures are available for Hsp16.9 (from wheat) and Hsp16.5 (from the archaeon Methanococcus jannaschii) [8, 9] . Unlike the mammalian sHsps, which predominantly form heterogeneous aggregates, these two sHsps adopt well-defined quaternary arrangements of 24-and 12-mers, respectively. Both protein aggregates are characterized by having a large central cavity which is also detected in low-resolution cryoEM images of B-crystallin aggregates [7] [8] [9] . No crystal structure is available for any mammalian sHsp, however, the position of the -sheets within A-crystallin, as determined by site-specific spin labeling studies of A-crystallin mutants, is very similar to those in the two sHsp crystal structures [14] . Therefore, the mammalian sHsps probably have a similar tertiary structure to other sHsps. At the level of quaternary structure, subtle differences in the interfaces between the subunits may explain why mammalian sHsps form heterogeneous aggregates while wheat and M. jannaschii sHsps form aggregates of well-defined stoichiometry. sHsps contain three structural regions: a variable N-terminal domain, the C-terminal (or -crystallin) domain of approximately 80 amino acids in length which is conserved between sHsps, and a C-terminal extension of variable length and sequence [8, 9] . NMR spectroscopy indicates that the heterogeneous mammalian sHsps have a highly flexible and unstructured region at their extreme C-terminus [9] ; this conclusion is supported by sequence analysis using PONDR, a computer program used to predict regions of disorder within proteins (Fig. 2a) [3, 15] . In contrast, the well-ordered sHsps, Hsp16.9 and Hsp16.5, lack this feature and have only a short C-terminal extension [9] . In mammalian sHsps, the flexible C-terminal extension is very important in chaperone action; its function seems to be as a solubilizing region for the relatively hydrophobic sHsp and the complex it makes with the destabilized target protein during chaperone action [9] .
Clusterin
Clusterin is constitutively expressed in mammals as a secreted (extracellular) protein and is found at relatively high concentrations in a variety of biological fluids, e.g. in plasma and semen it is present at about 100 g/ml and 400 g/ml, respectively [16] . Clusterin was first described, and named, because of its ability to cause clustering of a variety of cell types [17] . Since then, it has been found in a wide range of cellular environments associated with many disparate proteins and has been ascribed a bewildering array of functions, ranging from being a regulator of apoptosis, through to a lipid transporter and a regulator of complement [17] . In 1999, we reported that clusterin prevented the in vitro aggregation and precipitation of a variety of unrelated proteins that had been subjected to elevated temperature or reduction [18] ; this established the sHsp-like chaperone action of clusterin. Clusterin was shown to be much more efficient than -crystallin in preventing the precipitation from solution of stressed target proteins. The chaperone ability of clusterin is consistent with its propensity to interact with so many different proteins in vivo and its enhanced expression under conditions of cellular stress.
Clusterin is expressed as a 75-80 kDa heterodimeric protein that is post-translationally internally cleaved to give two chains,  and , that remain joined by five disulfide bonds. The protein is heavily glycosylated such that up to 30% of its mass is comprised of sugar [17] . Clusterin exists in a range of aggregated states. Like the mammalian sHsps, there is no crystal structure available for clusterin and there is a paucity of information about its structural features. Structure prediction suggests that the protein has significant contiguous regions of disordered (possibly molten globule) conformation that separate other regions of well-defined secondary structure, such as amphipathic -helical regions and coiled-coil -helices [3, 17] . Our NMR spectroscopic investigations have shown that clusterin has extensive regions of little ordered conformation and significant flexibility [Campbell, Rekas et al., unpublished results]. The putative assignment of resonances in the NMR spectrum and hence their location in the amino acid sequence coincides well with those regions predicted by Dunker et al. [3] (Fig. 2b) . On this basis, clusterin has been categorized as an intrinsically disordered protein [3, 15] . Such inherent disorder and flexibility would hinder the crystallization of clusterin and are potentially crucially important factors in its chaperone action (discussed in detail below). Interestingly, there is limited sequence similarity (around 25%) between the -chain of clusterin and the C-terminal (-crystallin) domain of B-crystallin; the latter includes the putative chaperone active site of B-crystallin [17] .
Parallels between the structure and mechanism of chaperone action of sHsps and clusterin
From the above, it is apparent that there are significant similarities between sHsps and clusterin. They are dynamic proteins, containing stretches of amino acids that have conformational flexibility and disordered structure. Clusterin is predicted to have a greater degree of disorder than sHsps. In clusterin, the disorder is localized over a variety of regions in the molecule, as opposed to -crystallin, where disorder and flexibility are predominantly found in the C-terminal extension (Fig. 2) . Mammalian sHsps and clusterin are both found as heterogeneous aggregates. They are highly promiscuous in their chaperone interactions and prevent the stress-induced precipitation of a broad range of target proteins. The available evidence strongly suggests that (i) sHsps and clusterin recognize and bind to partially unfolded target proteins that expose significant hydrophobicity to solution, and (ii) these interactions are mainly hydrophobic in nature [19, 20] .
Clusterin and sHsps undertake their chaperone action independently of ATP hydrolysis. However, -crystallin does bind ATP [21] . The functional consequences of this property are not understood although there have been claims that ATP binding and hydrolysis enhance the chaperone ability of -crystallin [22] . Nevertheless, clusterin and sHsps have little or no ability to refold destabilized target proteins to which they have complexed; they prevent large-scale protein aggregation and precipitation by forming non-covalent complexes with the stressed proteins but they can not release them in a folded state. Therefore, they are unlike ATPdependent chaperones such as Hsp70 and Hsp60 which are intimately involved in folding nascent proteins [4] . However, when complexes formed between stress-inactivated enzymes and either sHsps or clusterin are incubated together with Hsp70 and ATP, it is possible to recover folded and functionally active enzyme molecules [8, 9, 23] .
It is clear that from our studies that sHsps and clusterin prefer to interact with slowly aggregating target proteins [9, 24] . Thus, these chaperones do not recognize intermediately folded states of target proteins that are present only transiently on the rapid protein unfolding/folding pathway (Fig. 1) or as a result of rapid aggregation and precipitation [9, 24] ; in contrast, Hsp70 binds to these species. The implication is that kinetic factors are important determinants in regulating the action of molecular chaperones. Nature may have devised a simple mechanism for chaperones to distinguish between short-lived versus longer-lived intermediately folded states of target proteins. As a result, the unfolding/folding pathway of proteins is the domain of chaperones such as Hsp70 and Hsp60 whereas the off-folding pathway is where sHsps and clusterin act. How is this selectivity obtained? A clue to answering this question comes from a consideration of the importance of subunit exchange in the chaperone actions of sHsps and possibly clusterin. In an elegant series of studies, Bova et al. [e.g. 25] measured the rate of subunit exchange for different sHsps under varying conditions of pH, temperature, cations and the presence of bound target proteins. For A-crystallin, elevated temperature led to an increase in subunit exchange rate and a concomitant enhancement of chaperone ability [25] . The corollary is that the dissociated, probably dimeric sHsp [8] , is the chaperone-active species and that the dynamic association and dissociation of subunits is important in regulating sHsp chaperone action. Possibly, the dissociated dimeric species has its chaperone binding site exposed and available for interaction with the destabilized target protein whereas this region is buried in the chaperone-inactive aggregated species [9] . Indeed, ESR studies of spin-labeled A-crystallin mutants indicate that the putative chaperone binding site is buried in the aggregate [14] .
For clusterin, the subunit exchange rate has not been measured. Unlike sHsps, the chaperone ability of clusterin is not significantly affected by temperature. The chaperone ability of -crystallin is reduced significantly at lower pH whereas that of clusterin is enhanced [20] . For clusterin, this suggests that it exerts its chaperone action extracellularly at sites of local acidosis. The effect of pH on the chaperone action is not accompanied by any gross structural change in clusterin but correlates with a shift to smaller aggregated species, particularly to the heterodimeric form [20] . Thus, like sHsps, an enhancement of the chaperone ability of clusterin is accompanied by a shift to smaller aggregates. The implication is that the chaperone binding site(s) in clusterin are buried in the aggregates and become available to bind to target proteins upon dissociation. Thus, a similar mechanism of chaperone action can be proposed for sHsps and clusterin which combines the features of the involvement of subunit exchange, dissociation and interaction with long-lived, potentially aggregating, intermediately folded target proteins (Fig. 3) .
As sHsps and clusterin are likely to be intimately involved in preventing target protein aggregation in vivo, it is understandable that their expression is elevated in a variety of diseases that are associated with protein misfolding, aggregation and precipitation. An obvious example of this is the high concentration of -crystallin in the eye lens, which minimizes crystallin protein aggregation and hence cataract formation. In diseases characterized by the formation of amyloid fibrils, sHsps (e.g. B-crystallin) and clusterin are often associated with these deposits. The presence of these chaperones may arise from a response of the cell to the presence of the aggregating and precipitating fibril species. As the majority of fibril deposits occur extracellularly, clusterin may be the more relevant chaperone in vivo for regulating fibril formation. In vitro, B-crystallin and clusterin have both been found to inhibit amyloid fibril formation, e.g. by the amyloid -peptide (A), the putative causative agent in Alzheimer's disease [26] [27] [28] . However, in cell culture experiments, A-crystallin enhanced A  neurotoxicity, possibly by stabilizing the small soluble protofibril species (Fig. 1) [26] which is neurotoxic. Recent evidence strongly suggests that soluble protofibril species are the pathogenic agents in amyloid diseases [29, 30] . In cell culture experiments in the presence of clusterin, conflicting results were obtained with clusterin enhancing oxidative stress caused by A in [27] but being protective under the conditions used in [28] . Our in vitro studies have shown that fibril formation by apolipoprotein C-II (apoC-II) is potently inhibited by clusterin and -crystallin [16, 31] . When exerting this effect, neither chaperone forms a complex with apoC-II. Instead, they interact with an early fibrillogenic intermediate of apoC-II and cycle it back to its monomeric state. Our recent experiments have also shown that -crystallin and clusterin inhibit fibril formation by a variety of fibril-forming peptides and proteins including -synuclein, the putative causative agent in Parkinson's disease [Rekas, Thorn, Yerbury et al., unpublished results].
Finally, both proteins may have roles in regulating apoptosis. For sHsps, this arises from the ability of B-crystallin and Hsp27 to interact with caspases [32, 33] . It is known that overexpression of clusterin can protect cells from a variety of agents that otherwise induce apoptosis. However, the mechanism(s) by which clusterin exerts these effects are currently unknown.
Unanswered questions and directions for sHsp and clusterin research
It is apparent from the above discussion that many advances have been made over the past ten years in understanding structure/function aspects of sHsps and clusterin. The major catalyst for this progress has been the seminal observations of their chaperone action [12, 18] . However, there are many fundamental aspects about their structure and chaperone action that are not yet understood.
The major drawback to research into both chaperones is the dearth of detail about their structure. For clusterin, there is no specific structural information available above the primary level. As discussed above, the two available sHsp crystal structures are for well-ordered non-mammalian aggregates. As mammalian sHsps exist predominantly as heterogeneous aggregates, and this heterogeneity is important in their chaperone action, it will be important to define the structural features of mammalian sHsps. When this information is available for sHsps and clusterin, it should provide significant insight into the mechanistic details of their chaperone actions, and the differences between the two. Both chaperones are dynamic and heterogeneous species and clusterin is heavily glycosylated; thus, it is likely that they will be problematic to crystallize, limiting the utilility of X-ray crystallography as a means of elucidating their structures. Recent advances in NMR spectroscopy, such as the development of Transverse Relaxation Optimized SpectroscopY (TROSY) methods, may provide a route to determine the structures of these large chaperone aggregates [34] . It would also be valuable to determine the chaperone binding site(s) in clusterin; this might be accomplished via cross-linking studies with bound target peptides and proteins, as has been done for sHsps [8, 35] . Furthermore, the hypothesis that subunit exchange is a crucial factor in the activation of clusterin chaperone action could be tested by directly measuring the rate of clusterin subunit exchange and its variation with pH, temperature and the presence of target protein.
The observation, in vitro, that partially folded target proteins complexed to sHsps and clusterin can be refolded by the action of Hsp70 coupled with ATP hydrolysis implies that similar mechanism(s) may exist in vivo, e.g. when intracellular conditions return to normal after stress, Hsp70 may function to refold the target proteins bound to sHsps (Fig. 3) . Obviously, Hsp70 is an intracellular protein, so the in vitro experiments with it and clusterin are not physiologically relevant [23] . Whatever, there may be extracellular chaperones that function in an Hsp70 plus ATP manner to refold target proteins complexed to clusterin. However, arguing against this is that extracellular ATP levels are low. Instead, other extracellular chaperones may function to tag target proteins and facilitate their degradation. Two other extracellular molecular chaperones have been identified, serum amyloid protein [36] and haptoglobin [37] . Like clusterin, both have sHsp-like chaperone ability, i.e. a propensity to interact with destabilized target proteins to prevent their precipitation with little ability to refold them. Their individual efficiency of chaperone action, however, varies significantly. Understanding the interactions between these three extracellular chaperones (and potentially other chaperones), e.g. their possible synergistic chaperone interactions and their efficiency of interactions with target proteins, may shed light on the relative roles of these chaperones in vivo. For example, each chaperone may have different efficiency in interacting with target proteins that are aggregating at varying rates, i.e. one chaperone may be specific for rapidly aggregating proteins on their off-folding, amorphous aggregation pathway whereas another may have preference for slowly aggregating proteins on the amyloid fibril-forming pathway (Fig. 1) . There may even be the potential for one chaperone to direct a target protein from the amyloid to amorphous aggregation pathway. Similar behavior may be present intracellularly for different chaperones, e.g. Hsp70 may force amyloidogenic proteins on to the amorphous aggregation pathway [38] where they could be sequestered by the action of sHsps. To determine these various possibilities will require the implementation of a variety of in vitro, cellular and in vivo experiments.
Stemming from these experiments will be a much greater appreciation of the role that sHsps and clusterin play in protein misfolding or conformational diseases, particularly ones in which amyloid fibril formation is involved. Thus, under fibril-forming conditions it will be ascertained whether clusterin and sHsps over-expression is deleterious to cell viability due to their potentiation of neurotoxicity via stabilization of intermediately-folded protofibril species, as has been implied from in vitro and cell culture studies [26, 27] . The role of individual chaperones, and their possible synergistic interactions, in the modulation of fibril formation will also become much clearer.
In addition to their role in regulating protein aggregation, sHsps and clusterin levels are elevated under a range of other diseases associated with stress. For example, sHsp expression is increased in a variety of cancers, multiple sclerosis and under ischemic conditions [9, 32, 39] . In some cancers, this may be detrimental because it enhances the tumor-forming propensity of the cells due to the increased protection from apoptosis. Investigation of sHsp and clusterin chaperone ability will enable a greater appreciation of their role in these diseases and potentially as therapeutics in their treatment, e.g. as agents to improve recovery in patients with cardiac infarction.
Many of the diseases associated with protein misfolding occur in old age. Thus, cataract is a major burden on the heath care budget in the developed world and causes blindness in an estimated 20 million people world-wide. A greater understanding of the -crystallin/sHsp chaperone action will have implications for the development of therapeutics to treat and prevent cataract. In amyloid diseases, fibril formation arises from a partial breakdown in the mechanisms for removal of toxic, partially folded proteins. With the aging population, protein misfolding diseases will increase in their prevalence. Furthermore, since fibril formation is a generic characteristic of proteins [40] , it is feasible that other diseases will be characterized as arising from protein misfolding. There is therefore a requirement to understand the fundamental chemistry of these diseases and there will be a major need for the development of therapeutics for their treatment. The involvement of molecular chaperones in these processes provides a possible avenue for therapeutic intervention, e.g. as agents to modulate amyloid fibril formation [38] . [3, 15] . (a) Human A-crystallin exhibits significant disorder at its C-terminus, a region that corresponds well to the predicted C-terminal extension of A-crystallin and the flexible region determined by NMR spectroscopy [9] . (b) Human clusterin has multiple regions of disorder that correspond well with those accessible to proteases [3] . The residue numbers for clusterin include its N-terminal signal peptide (22 amino acids in length) which is leaved off following export from the cytoplasm. Figure 3 . A schematic mechanism of chaperone action of sHsps and clusterin [9, 20, 24] . Both chaperones selectively interact with a slowly aggregating, relatively disordered, intermediately folded protein (I 2 ) on its off-folding pathway. In doing so, this species is stabilized. The dynamic nature of the equilibrium between the monomeric and aggregated I 2 species facilitates interaction with the similarly dynamic chaperones. It is hypothesized that dissociated forms of the chaperones, i.e. the sHsp dimer and the clusterin heterodimer, are the chaperone-active species. They interact with I 2 which is subsequently sequestered into a high-mass complex containing both proteins. It is possible to recover natively folded target protein (N) via the action of another chaperone, e.g. Hsp70 in the case of intracellular sHsps, coupled to ATP hydrolysis. It is not known whether such a mechanism operates extracellularly with clusterin-stabilized I 2 proteins. The diagram represents the interaction of sHsps and clusterin with amorphously aggregating target proteins. When interacting with amyloid fibril-forming target proteins (under slowly aggregating conditions), complexation may not occur; instead, the partially folded protofibril species is stabilized and large-scale aggregation is prevented [16, [26] [27] [28] 31] .
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